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ABSTRACT 


Extensive  application  of  holographic  techniques  has  been  made  in 
the  ground  test  facilities  at  the  Arnold  Engineering  Development  Cen¬ 
ter  (AEDC)  for  particle-field  analysis  and  flow  diagnostics.  The  in¬ 
strumentation  requirements  of  dust  erosion  facilities  include  a  dynam¬ 
ic  evaluation  of  the  dust  cloud,  including  size,  number  density,  veloc¬ 
ity,  and  distribution  of  dust  particles.  Holography  has  provided  a 
unique  method  of  performing  such  an  evaluation.  The  system  develop¬ 
ed  at  AEDC  and  currently  in  routine  use  is  discussed  in  detail.  Design 
criteria  and  system  capability  are  analyzed.  It  is  shown  that  the  holo¬ 
graphy  system  provides  data  which  cannot  be  obtained  with  other  exist¬ 
ing  instrumentation. 
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A0  Amplitude  of  the  object  beam 

Ar  Amplitude  of  the  reference  beam 

a  Particle  radius 

CW  Continuous  wave 
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d  Object  diameter 

I  Intensity 
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S  Prism  separation  distance 

x,  y,  z  Planar  coordinates  in  the  reconstruction 

Z  One  far-field  distance 
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1.1  OPTICAL  HOLOGRAPHY 

Holography  provides  a  technique  to  record  sufficient  information 
in  an  optical  wavefront  to  allow  a  later  reconstruction  or  "playback"  of 
the  wave  (Ref.  1).  A  hologram  can  be  used  like  a  window  through  which 
an  event  or  scene  which  existed'  in  past  time  can  be  viewed.  As  the 
size  of  a  hologram  increases,  the  angle  of  observation  of  a  scene  in¬ 
creases.  If  a  hologram  has  surrounded  an  object  during  recording, 
then  the  holographically  formed  image  of  the  object  can  be  viewed  from 
every  angle. 

An  elementary  requirement  for  producing  a  hologram  is  that  light 
waves  reflected  by  or  passing  through  an  object  field,  the  object  wave, 
be  mixed  coherently  with  a  reproducible  reference  wave  and  the  result¬ 
ing  intensity  be  recorded.  When  a  hologram  is  illuminated  by  the  ref¬ 
erence  wave,  this  wave  is  diffracted  into  separate  components,  one  of 
which  duplicates  the  original  object  wave. 

Preliminary  work  in  holography  was  started  at  the  Arnold  Engineer¬ 
ing  Development  Center  (AEDC)  in  1967  by  the  Technical  Staff,  Experi¬ 
mental  Research  (TS/  ER).  During  subsequent  years,  holography  tech¬ 
niques  have  been  developed  for  a  wide  variety  of  applications  in  almost 
every  type  of  wind  tunnel  and  test  facility  at  AEDC,  and  these  techni¬ 
ques  now  commonly  provide  test  data  which  cannot  be  obtained  by  any 
other  means.  The  two  outstanding  areas  of  application  are  in  flow  vis¬ 
ualization  and  dynamic  particle  field  analysis  (Ref.  2).  A  holographic 
system  was  first  applied  to  a  dust  erosion  facility  at  AEDC  in  1971. 

1.2  STATEMENT  OF  THE  PROBLEM  IN  DUST  EROSION  FACILITIES 

A  dust  erosion  facility  simulates  the  aerodynamic  conditions  en¬ 
countered  by  a  vehicle  in  flight  through  clouds  of  particulate  matter. 

In  one  type  of  facility,  the  dust  is  injected  into  the  flow  stream  and  is 
accelerated  by  the  gas  to  a  velocity  which  simulates  that  of  the  expect¬ 
ed  vehicle  velocity.  Other  types  of  dust  erosion  facilities  include  those 
in  which  the  dust  cloud  is  created  in  an  essentially  stationary  state  and 
the  model  is  passed  through  it,  as  in  gun  ranges  and  rocket  sled  facil¬ 
ities.  In  any  of  these  facilities  the  ultimate  measurement  is  to  correlate 
the  amount  and  type  of  erosion  with  the  simulated  conditions. 
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Because  of  nonuniformities  in  size  and  distribution  of  the  dust  under 
specific  test  conditions,  the  characteristics  of  the  dust  cloud  at  the  mod¬ 
el  cannot  be  predicted.  Accurate  simulation  requires  that  the  number 
density,  size  distribution,  and  particle  velocity  and  its  distribution  in 
the  vicinity  of  the  model  be  accurately  controlled.  Although  the  gas 
velocity  itself  may  be  known,  the  dust  particles  lag  in  velocity  depend¬ 
ing  upon  their  size,  shape,  and  mass.  Typical  dust  particle  diameters 
range  from  a  few  micrometers  (/im)  upwards  to  hundreds  of  micrometers. 
Particle  velocities  range  up  to  several  thousand  meters  per  second. 

Optical  instrumentation  for  studies  of  such  particles  must  possess 
the  following  characteristics: 

1.  Time  resolution  less  than  100  nsec  to  freeze  motion  dur¬ 
ing  the  data  recording. 

2.  Space  resolution  preferably  down  to  a  few  micrometers, 
and  certainly  better  than  30  jum. 

3.  A  recorded  volume  depth  extending  across  the  test  region. 

4.  A  capability  for  quantative  measurement  of  velocity,  and 
observation  of  general  motion. 

5.  Capability  of  operating  under  ambient  light  conditions. 

6.  Capability  of  operating  without  distributing  the  flow  field. 

Conventional  photography  is  impractical  under  these  conditions  be¬ 
cause  the  high  resolution  requirement  placed  upon  this  type  of  optical 
system  severely  limits  its  depth  of  field.  Such  a  system  can  at  best 
resolve  the  dust  particles  with  a  depth  of  field  of  less  than  1  mm.  Holo¬ 
graphy,  however,  satisfies  all  of  the  stated  requirements  and  is  ideally 
suited  for  this  application. 


1.3  HISTORY  OF  HOLOGRAPHY  STUDIES  IN  DUST  EROSION  FACILITIES 

In  early  1970,  personnel  of  the  Propulsion  Wind  Tunnel  Facility 
(PWT)  encountered  the  problem  of  instrumenting  a  dust  erosion  facility 
for  the  Space  and  Missile  Systems  Organization  (SAMSO)  to  supplement 
studies  being  conducted  by  the  Boeing  Company  at  the  Boeing  and  North¬ 
rop  Hypersonic  Facilities.  During  the  early  planning  stages  of  the  new 
facility  it  became  clear  that  the  dust  evaluation  technique  which  had 
been  used  up  to  that  time  was  not  entirely  suitable  for  SAMSO  purposes. 
The  technique  utilized  a  mechanical  catcher  which,  when  inserted  into 
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the  flow  for  a  period  of  time,  collected  particles  for  later  analysis. 
Calibration  tests  indicated  that  supplementary  or  replacement  methods 
for  making  analyses  were  needed.  Holography  was  suggested  by  PWT 
personnel  as  a  possible  supplementary  technique.  Technical  Staff/ 
Experimental  Research  personnel  evaluated  the  technique  and  concluded 
that  it  could  be  successfully  applied.  In  September  1970,  at  the  request 
of  SAMSO,  the  AEDC  in-line  image  holocamera  was  installed  in  the 
Northrop  Hypersonic  Facility  in  Hawthorne,  California.  During  the 
following  month,  the  same  system  was  installed  in  the  Boeing  Hyper¬ 
sonic  Facility  in  Seattle,  Washington.  Two  holograms  were  made  in 
each  of  18  firings  at  the  Northrop  Facility  and  15  firings  at  the  Boeing 
Facility.  The  success  of  these  tests  proved  the  applicability  of  the 
holographic  system.  Examples  of  the  data  that  were  obtained  are  pre¬ 
sented  in  Section  VII. 

During  1971,  AEDC  personnel  incorporated  a  holographic  system 
into  the  PWT  Dust  Erosion  Facility.  This  system  was  used  extensively 
during  the  calibration  phases  of  the  facility. 

None  of  the  initial  systems  had  the  capability  of  double  pulsing  (for 
velocity  measurement)  with  required  short  pulse  separation  for  the 
high-velocity  particles.  A  newly  developed  double-pulsing  laser  which 
fulfilled  this  requirement  was  installed  in  the  Dust  Erosion  Facility  in 
February  1972. 

The  holography  system  is  now  used  routinely  to  provide  data  lead¬ 
ing  to  particle  sizes,  shapes,  and  velocities  and  the  distributions  of 
these  parameters.  This  system,  with  its  associated  data  reduction 
equipment,  is  believed  to  be  one  of  the  most  advanced  systems  of  its 
type. 


1.4  ORGANIZATION  OF  THE  REPORT 

This  report  is  confined  entirely  to  holography  in  dust  erosion  facil¬ 
ities,  although  the  requirements  in  many  instances  are  clearly  appli¬ 
cable  to  other  three-dimensional  particle  fields.  In  Section  II  the  dis¬ 
cussion  of  holocamera  design  is  presented,  covering  factors  which  must 
be  considered  when  using  holography  for  such  applications.  A  brief 
comparison  between  various  types  of  holography  is  made.  Factors 
which  limit  the  ability  to  produce  high  quality  recordings  are  discussed. 
In  Sections  III  and  IV,  instrumentation  and  special  laser  equipment 
which  have  been  developed  for  producing  multiple- exposure  holograms 
and  for  reducing  data  more  rapidly  are  described.  Discussions  of  other 
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auxiliary  instrumentation  are  also  included.  Sections  V  and  VI  describe 
the  entire  holocamera  system  and  operational  techniques  in  use  at  AEDC, 
together  with  typical  experimental  results.  In  Section  VII,  plans  and  re¬ 
quirements  for  future  holographic  systems  are  briefly  presented. 


SECTION  II 

HOLOCAMERA  DESIGN 


2.1  BASIC  THEORY 

■  Since  the  basic  theory  and  equations  for  holographic  recording  are 
included  in  Refs.  1  and  2,  only  a  summary  is  presented  here.  In-line 
holograms  of  a  particle  field  are  formed  by  passing  a  beam  of  coherent 
light  through  a  volume  of  particles  and  recording  the  resulting  wave- 
front.  Part  of  the  light  is  diffracted  by  the  particles,  and  the  remain¬ 
der  passes  through  the  field  unscattered.  The  unscattered  (reference) 
light  interferes  with  the  scattered  (object)  light  and  is  recorded  on  a 
photographic  medium  (Fig.  1).  An  off-axis  hologram  is  formed  by  in¬ 
troducing  a  reference  wave  which  is  separate  from  the  light  passing 
through  the  object  field  onto  the  recording  (Fig.  2).  The  laser  beam 
is  split  initially  in  two.  One  portion  illuminates  the  object  field,  and 
the  other  serves  as  the  reference  beam.  Many  geometries  are  suitable 
for  off-axis  holography.  The  object  field  can  be  illuminated  directly 
with  the  laser  beam  or  with  laser  light  that  has  been  diffused  by  a  frost¬ 
ed  glass  or  similar  diffusing  medium. 

In  principle,  there  is  little  difference  between  in-line  and  nondiffuse 
off-axis  holography.  In  Fig.  3,  if  the  hologram  is  recorded  with  the 
film  at  "A,  "  it  is  termed  an  in-line  (Gabor)  hologram;  however,  if  the 
recording  is  made  at  "B,  "  then  it  is  termed  an  off-axis  (carrier  fre¬ 
quency,  sideband,  or  Leith-Upatnieks)  hologram.  This  similarity  does 
not  exist  when  the  object  field  is  illuminated  with  diffuse  light,  since  a 
hologram  must  be  made  with  a  reproducible  reference  wavefront. 

The  object  wave  in  both  cases  in  Fig.  3  is  reconstructed  by  illumi¬ 
nating  the  developed  recording  with  the  reference  wave  as  shown  in 
Fig.  4.  It  is  one  of  the  components  produced  by  the  diffraction  of  the 
reconstruction  wave  by  the  hologram.  If  the  radius  of  curvature,  the 
angle  of  illumination,  or  the  wavelength  of  the  reconstruction  refer¬ 
ence  wave  is  changed,  the  object  wave  will  be  altered  so  as  to  produce 
image  magnification,  a  change  of  position  of  the  image,  and  aberrations. 
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Equation  (1)  predicts  the  position  of  the  reconstructed  image  as  a  func¬ 
tion  of  the  wavelength,  radius 'of  curvature,  and  position  of  the  refer¬ 
ence  wave.  (Figure  5  illustrates  the  geometry  for  Eq.  (1). ) 
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These  equations  result  from  a  first  order  analysis  of  thin  holograms 
and  are  not  accurate  when  large  changes  in  wavelength  or  reference 
wave  curvature  are  encountered.  Under  such  conditions,  aberrations 
equivalent  to  those  of  a  lens  result.  A  more  general  analysis  is  treated 
in  Ref.  3. 


2.2  CHOICE  BETWEEN  IN-LINE  AND'OFF-AXIS  HOLOGRAPHY 

In-line  holography  is  by  far  the  simplest  type  of  holography  and  for 
this  reason  probably  should  be  considered  first  in  particle-field  studies. 
However,  there  are  many  cases  in  which  off-axis  holography  is  appli¬ 
cable  and  in-line  holography  is  not.  Such  cases  exist  when  the  particle 
number  density  or  their  total  cross  section  is  very  large,  or  when  the 
object  field  significantly  modulates  the  phase  of  the  electromagnetic 
radiation. 

Considering  practical  limitations  such  as  those  typically  encoun¬ 
tered  in  wind  tunnel  facilities,  including  operation  effects  and  the  in¬ 
ability  to  meet  all  holographic  requirements,  in-line  holography  is 
quite  satisfactory  when  the  -conditions  mentioned  above  are  not  critical. 
(Detailed  studies  of  these  factors  are  included  in  separate  reports  (Refs. 
4  and  5).  )  Since  in-line  holography  has  proven  sufficient  in  application 
to  dust  erosion  facilities,  only  this  method  will  be  discussed  further. 


2.3  IMAGE  HOLOGRAPHY 

Image  holography  is  defined  here  as  any  type  of  holography  in  which 
lenses  are  placed  between  the  object  field  and  the  recording.  The  holo¬ 
graphic  equations  for  image  holography  are  identical  to  those  for 
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ordinary  holography  if  one  replaces  object  coordinates  with  image  co¬ 
ordinates  and  replaces  reference  wave  coordinates  with  the'coordinates 
of  the  reference  wave  point  source  imaged  by  the  lens  system  (Ref.  6). 


2.3.1  Imaging  the  Object  Field  Before  Recording 

In  many  practical  applications  one  is  required  to  place  the  record¬ 
ing  equipment  and  instrumentation  outside  the  test  region.  In  some 
cases  this  places  the  object  field  at  a  great  distance  from  the  nearest 
optical  element.  The  resolution  of  any  imaging  system  (holograms  in¬ 
cluded)  is  directly  dependent  upon  the  solid  angle  of  radiation  (scattered 
by  the  object)  which  can  be  accurately  recorded.  Therefore,  without 
lenses,  as  the  distance  from  the  particle  object  increases,  the  area 
over  which  information  must  be  recorded  (the  size  of  the  hologram) 
must  also  increase  if  the  same  resolution  is  retained.  This  may  in¬ 
volve  more  than  simply  increasing  the  physical  size  of  the  hologram, 
since  the  effective  size  of  the  hologram  is  determined  by  the  ability  of 
the  film  to  accurately  record  information  for  later  retrieval.  Since  the 
fringe  contrast  in  the  hologram  is  reduced  at  larger  object-to-film  dis¬ 
tances,  the  physical  size  of  the  hologram  may  greatly  exceed  its  effect¬ 
ive  size. 

Lenses  act  only  to  transform  information  and  are  usually  better 
optical  elements  than  holograms  are  for  this  purpose.  An  alternate  way 
of  interpreting  this  process  of  imaging  the  object  field  is  to  consider 
that  the  lens  images  the  holographic  plate  inside  a  wind  tunnel  or  test 
chamber  closer  to  the  object  field,  thus  improving  the  holographic  re¬ 
cording  (Fig.  6). 

Optical  elements  affect  the  quality  of  a  reconstruction  when  they  do 
not  image  the  object  and  reference  beam  accurately  or  when  they  intro¬ 
duce  optical  noise  into  the  holographic  recording  and  reconstructed 
image.  Usually,  these  elements  introduce  less  noise  per  square  area 
and  are  capable  of  producing  better  images  per  square  area  than  a  holo¬ 
gram.  The  size  of  optical  systems  may  limit  the  effective  diameter  of 
the  diffraction  pattern  strictly  by  an  aperturing  effect.  This  applies 
also  to  windows  or  other  aperturing  elements  placed  in  the  recording 
system.  The  effects  of  a  limiting  aperture  on  the  reconstructed  image 
are  presented  in  Ref.  7. 
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2.3.2  Choice  of  Lens  Systems 

When  choosing  a  lens  system  to  re- image  the  object  field,  one  en¬ 
counters  a  number  of  practical  considerations.  One  of  the  most  diffi¬ 
cult  problems  in  practical  applications  is  caused  by  noise  generated  by 
the  scattering  of  coherent  light  by  dust  and  imperfections  that  may  exist 
within  the  system.  Therefore,  the  simplest  type  of  lens  system  is 
usually  the  best  choice  for  a  noise-free  recording.  Lens  aberrations 
must  also  be  considered  but  are  to  be  distinguished  from  those  encoun¬ 
tered  in  the  holography  process  itself. 

Basically,  there  are  two  widely  used  types  of  lens  systems.  The 
first  of  these  is  the  two-collimator  image  transfer  system  shown  .in 
Fig.  7.  A  pair  of  lenses  separated  by  the  sums  of  their  focal  lengths 
images  an  object  field,  with  constant  magnification.  For  collimated  ob¬ 
ject  illumination,  the  lens  system  maintains  the  collimated  reference 
wave  at  the  recording  plane.  Any  magnification  values  are  possible  by 
judicious  selection  of  lens  focal  lengths.  The  magnification  of  the  image 
field  is  the  ratio  of  the  focal  length  of  the  second  lens  over  the  first  and 
is  independent  of  object  position.  A  collimated  illuminating  wavefront 
remains  collimated,  a  condition  which  is  easily  reproduced  during  the 
reconstruction.  This  configuration  has  relatively  low  spherical  aber¬ 
ration  and  distortion. 

The  second  type  of  imaging  system  uses  a  single  lens,  creating  a 
diverging  or  converging  reference  beam.  During  reconstruction,  the 
same  lens  is  returned  into  the  reconstruction  wave,  which  is  conjugate 
to  the  original  reference  wave  (Fig.  8).  It  has  been  shown  that  images 
reconstructed  in  this  manner  will  be  free  of  any  lens  aberrations  which 
could  ordinarily  be  present,  provided  the  lens  orientation  with  respect 
to  the  film  remains  constant  (Ref.  1).  Ir.  very  high  resolution  studies, 
this  capability  can  be  extremely  important;  however,  the  disadvantages 
of  this  type  of  lens  system  for  use  in  the  reconstruction  system  are  its 
obvious  alignment  and  orientation  problems. 

2.3.3  Conjugate  Image  Overlap 

Any  holographic  recording  reconstructs  two  identical  (in  informa¬ 
tion  content)  conjugate  images.  In  direct  in-line  holography,  these 
images  lie  on  opposite  sides  of  the  holographic  recording  during  their 
reconstruction  (see  Fig.  4).  In  image  holography,  the  object  field  may 
be  imaged  on  both  sides  of  the  hologram  and  therefore  will  reconstruct 
on  both  sides,  causing  an  overlapping  of  the  conjugate  image  fields  (see 
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Fig.  9).  This  creates  a  position  ambiguity,  since  one  cannot  distin¬ 
guish  conjugate  images.  Therefore,  when  one  desires  the  spatial  dis¬ 
tribution  of  the  data,  conjugate  image  overlap  cannot  be  tolerated.  This 
problem  is  avoided  by  insuring  that  the  imaged  object  field  lies  entirely 
on  either  side  of  the  recording  plane. 


2.4  FACTORS  THAT  LIMIT  THE  QUALITY  OF  AN  IN-LINE  HOLOGRAM 


There  are  a  number  of  factors  which  limit  the  quality  and  resolu¬ 
tion  of  an  in-line  hologram.  Object  characteristics  such  as  size  and 
distance  from  the  film,  the  quality  and  geometry  of  the  reconstruction 
system,  and  optical  noise  in  the  system  during  either  recording  or  re¬ 
construction  govern  the  amount  of  useful  information  recorded.  A  sys¬ 
tem  can  be  designed  so  that  the  last  factor,  noise,  limits  the  achievable 
resolution  of  the  holographic  measurements.  Noise  may  be  introduced 
by  the  optical  system,  the  recording  medium,  the  laser,  or  the  object 
field  itself. 


2.4.1  Object  Distance  and  Size 


Consider  a  single  circular  opaque  particle  (disk)  of  diameter  D  a 
distance  z  from  the  film,  illuminated  with  collimated  light.  As  z  in¬ 
creases  and/or  as  D  decreases,  the  required  effective  size  of  a  holo¬ 
gram  of  the  particle  must  be  increased  to  maintain  image  resolution  -- 
that  is,  to  record  the  same  object  information.  A  result  of  this  is  that 
the  reconstructed  image  quality  decreases  as  z  and/or  1/D  increases. 


This  effect  is  best  understood  by  examining  the  interference  pat¬ 
terns  which  constitute  the  hologram.  These  circular  fringes  have  a 
normalized  intensity  in  the  far  field  given  by  Ref.  1. 


Up)  = 


1  -  - 
P 


sin 


(£)  J>  fc) 


negligible  terms 


(2) 


Figure  10a  illustrates  Eq.  (2)  for  a  constant  particle  diameter  of 
160  urn  at  three  distances  from  the  film  plane.  The  dashed  lines  indi¬ 
cate  zeroes  of  the  Bessel  function,  Jj.  As  more  zeroes  of  the  Bessel 
function  are  recorded,  the  sharpness  of  the  image  improves.  It  is 
usually  assumed  that  to  resolve  an  image,  information  out  to  at  least 
the  first  zero  is  accurately  recorded.  The  radius  of  this  minimum 
resolution  hologram,  pm,  is  given  by 

A. .  z 

Pm  =  I-®  — 


(3) 
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As  z  increases,  the  intensity  variations  decrease  in  amplitude,  and  at 
some  radius,  pm,  the  intensity  is  lost  in  the  noise  of  the  recording, 
thus  limiting  the  effective  size,  2 pm,  of  the  hologram.  To  achieve 
good  edge  detail,  at  least  three  zeroes  of  the  Bessel  function  are  de¬ 
sirable  (Ref.  8). 

Figure  10b  illustrates  Eq.  (2)  for  a  fixed  distance,  z,  for  three 
particle  radii.  Again,  the  amplitude  of  the  intensity  variations  de¬ 
creases  as  the  size,  d,  decreases,  leading  to  a  similar  effect  in  limit¬ 
ing  attainable  pm. 

In  both  examples.  Figs.  10a  and  b,  it  is  shown  that  fringe  fre¬ 
quency  increases  with  p,  a  fact  which  requires  film  resolution  to  be 
higher  for  larger  effective  hologram  sizes. 

Interference  fringe  characteristics  are  commonly  discussed  in 
terms  of  a  parameter  called  far-field  number,  which  accounts  for  both 
particle  size  and  distance.  One  far-field  distance  is  defined  as 

Z  =  d 2/  A  j 

where  A  j  is  the  recording  wavelength.  As  a  rule  of  thumb,  a  hologram 
should  be  made  within  100  far-fields  of  the  particle.  Since  this  number 
depends  upon  many  noise- generating  factors,  it  can  vary  by  an  order  of 
magnitude  in  either  direction  and  must  be  used  with  caution. 

2.4.2  Image  Motion  During  Recording 

The  effects  of  image  motion  during  recording  can  be  seen  in  terms 
of  Fig.  10a.  As  the  particle  moves  with  respeet  to  the  recording  me¬ 
dium,  the  fringes  of  the  interference  pattern  are  smeared,  especially 
at  the  high  spatial  frequencies,  normal  to  the  direction,  of  travel,  thus 
reducing  the  effective  diameter  of  the  recorded  diffraction  pattern  for 
reconstruction.  Small  amounts  of  motion  do  not  significantly  affect  the 
low  frequencies.  Motion  smears  the  high-frequency  fringes  and  places 
more  restriction  on  the  holographic  recording  as  the  particle  size  de¬ 
creases  and  as  the  distance,  z,  increases.  The  usual  criteria  stated 
is  that  a  particle  should  not  move  more  than  one- tenth  of  its  diameter 
during  a  recording.  This  criteria  is  quite  arbitrary  and,  in  fact,  if  a 
particle  moves  by  several  diameters  during  a  recording,  the  image  will 
be  reconstructed  as  a  streak.  However,  the  intensity  and  resolution 
will  be  reduced  (Ref.  9). 
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2.4.3  Recording  Volume 

To  this  point,  holographic  quality  has  been  discussed  in  terms  of  a 
single  diffraction  pattern.  Particle  parameters  and  volume  dimensions 
can  place  severe  restrictions  on  the  quality' of  the  reconstructed  imag¬ 
ery.  Number  density,  volume  depth,  and  particle  sizes  combine  to  de¬ 
grade  the  hologram  recording.  If  these  three  parameters  are  too  large, 
light  passing  unscattered  through  the  volume  is  not  sufficient  as  a  re¬ 
producible  reference  beam. 

The  utility  of  holography  ultimately  depends  upon  the  ability  of  an 
investigator  to  derive  data  from  the  reconstructed  image.  When  a  holo¬ 
gram  of  an  extended  volume  of  many  particles  is  analyzed,  any  indivi¬ 
dual  particle  image  is  immersed  both  in  optical  noise  and  in  light  scat¬ 
tered  from  out-of-focus  images.  Since  smaller  particle  images  often 
have  the  same  appearance  as  coherent  optical  noise,  considerable  skill 
is  sometimes  required  to  distinguish  them. 

The  geometry  of  a  typical  hologram  recording  is  shown  in  Fig.  11. 
The  particle  volume  has  a  depth  of  L,  and  the  nearest  particle  is  a  dis¬ 
tance  Zq  from  the  film  plane.  Assuming  that  the  area  of  the  Airy  pat¬ 
terns  of  the  total  number  of  particles  must  be  less  than  or  equal  to  the 
area  of  the  hologram  to  eliminate  multiple  scattering  effects,  then  the 
equation  and  curves  for  N2  in  Fig.  12  result.  These  are  plots  of  num¬ 
ber  density  for  various  object  diameters.  Number  density  was  ob¬ 
tained  from  Beer's  law  (Ref.  10).  Regions  within  the  solid  lines  indi¬ 
cate  where  high-quality  in-line  holograms  can  be  made.  In  the  outer 
regions,  side-band  holography  or  other  optical  methods  would  be 
appropriate. 

Besides  the  particle  parameters,  density  gradients  in  the  volume 
can  deteriorate  image  quality.  If  it  is  assumed  that  these  introduce  a 
phase.change  of  0r  into  the  reference  beam  and  0O  into  the  object  beam, 
then  the  intensity  in  the  recording  is 

I  -  |A0|2  +  |  A  r| 2  +  2AoArcos[(0o-0  r)  +  (0r-0o)J  (4) 

This  general  equation  applies  to  both  in-line  and  off-axis  holography. 

In  the  later  case,  0r  is  zero,  since  the  beam  is  carefully  routed  around 
the  test  region.  The  hologram  will  then  reconstruct  the  phase  distor¬ 
tions  on  the  image.  However,  in  .cases  where  these  distortions  are  small, 
then  for  an  in-line  hologram  0r  =  0O,  and  the  reconstructed  images  are 
undistorted.  Therefore,  although  the  density  gradients  can  affect  the 
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reference  beam  of  an  in-line  hologram  as  well  as  the  object  beam  in 
certain  instances,  the  effects  will  cancel,  whereas  in  side-band  holo¬ 
graphy  they  will  not.  Cases  in  which  the  in-line  hologram  can  with¬ 
stand  more  phase  aberrations  than  the  off-axis  hologram  and  recon¬ 
struct  accurate  images  still" remain  to  be  investigated. 

2.4.4  Film  Properties 

Film  characteristics  have  been  discussed  to  some  extent  in  terms 
of  Fig.  10.  In  summary,  it  wsis  sHd'ivri  that  smaller  particle  sizes, 
larger  particle  distances  from  the  recording,  and  higher  resolution  of 
the  reconstructed  image  require  higher  resolution  film  and  that  system 
noise  is  a  significant  factor  in  these  cases.  For  every  holographic  re¬ 
cording,  the  effective  diffraction  pattern  diameter  is  limited  either  by 
the  film  noise,  resolution,  or  physical  size,  or  by  a  combination  of 
these  factors.  This  effective  diameter  and  the  distance  of  the  object 
from  the  hologram  define  the  recorded  solid  angle  of  light,  and,  there¬ 
fore,  the  maximum  resolution-  in  the  reconstructed  image.  Films  are 
available  that  minimize  the  above  factors,  and  these  are  especially 
suited  for  holography.. 

2.4.5  Laser  Characteristics 

Highly  coherent  lasers  are  now  commonly  available,  and  coherence 
is  no  longer  a  limiting  factor  in  hologram  recording,  especially  for  the 
in-line  case.  If,  however,  a  laser  does  exhibit  a  low  spatial  or  tem¬ 
poral  coherence,  the  ultimate  effective  diameter  of  the  diffraction  pat¬ 
tern  which  will  be  recorded  is  limited.  A  more  common  limiting  factor 
occurs  when  a  laser  of  one  wavelength  is  use'dfor  the  recording  while 
a  laser  of  a  second  wavelength  is  used  for  reconstruction.  This  intro¬ 
duces  chromatic  aberration-!  into  the  reconstructed  image. 

2.4.6  Reconstruction  Geometry 

Ideally,  the  reconstruction  wavelength  and  geometry  should  be  iden¬ 
tical  to  the  reference  beam  in  the  formation  of  the  hologram.  Any  dif¬ 
ference  in  these  two  introduces  image  aberrations  which  are  similar 
to  those  of  a  lens  system.  For  this  reason,  it  is  advantageous  to  use 
collimated  light  for  the  formation  and  reconstruction  of  in-line  holo¬ 
grams,  since  it  is  easier  to  duplicate  in  the  reconstruction. 
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SECTION  III 

MULTIPLE  EXPOSURE  HOLOGRAPHY 


3.1  BASIC  THEORY 

Multiple  exposure  holography  provides  three  types  of  object  data, 
depending  on  how  the  holograms  are  recorded  and  on  their  specific  ap¬ 
plication.  In  one  case,  two  holograms  of  a  large  object  undergoing  a 
physical  change  are  superimposed  on  a  single  recording.  The  two 
stored  waves  reconstruct  simultaneously  and  interfere,  indicating 
small  amounts  of  change  between  the  two  exposures.  This  is  the  basis 
for  holographic  interferometry.  In  a  separate  context,  multiple- expos¬ 
ure  holography  refers  to  the  storage'  of  more  than  one  hologram  upon 
a  recording  medium  with  different  reference  beams  for  each  recording. 
Individual  wavefronts  can  thus  be  constructed  independently.  In  the 
present  context,  recording  the  time  history  of  a  moving  object  is  the 
concern.  The  reconstruction,  therefore,  will  include  multiple  images 
of  the  object  where  the  difference  in  the  images  (  and  not  the  actual 
interference  of  the  two  reconstructed  waves)  is  of  interest.  For  exam¬ 
ple,  the  time  interval  between  two  exposures  and  the  separation  of  an 
image  pair  yields  the  average  velocity  of  the  particle. 

The  basic  theory  and  equations  describing  this  process  are  included 
in  Refs.  2  and  11.  Based  on  a  summary  of  the  results,  the  following 
conclusions  are  reached: 

1.  The  overall  photographic  density  for  an  optimum 
multiple- exposure  recording  is  greater  than  that 
for  a  single- exposure  recording. 

2.  Such  a  recording  process  is  rarely  linear,  and  in 
fact  the  best  results  are  obtained  by  recording  in 
a  nonlinear  recording  region  of  the  film. 

3.  The  quality  of  a  hologram  decreases  with  the  num¬ 
ber  of  recordings  because  of  optical  and  photo¬ 
graphic  noise. 

4.  The  largest  exposure  produces  the  brightest  recon¬ 
struction.  This  fact  is  useful  for  indicating  the  dir¬ 
ection  of  motion. 

5.  Dynamic  range  limitations  of  the  film  ultimately 
limit  the  total  number  of  exposures  which  can  be 
superimposed  on  the  film. 
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6.  Coherence  between  separate  recordings  is  un¬ 
important  in  this  type  of  recording. 

Figure  13  illustrates  the  data  that  can  be  obtained  from  a  double¬ 
exposure  hologram.  The  double- pulsing  ruby  laser  described  in  Sec¬ 
tion  3.  2.  2  was  used  in  a  simple  in-line  holographic  system  to  form  a 
recording  of  a  flow  field  of  magnesium  oxide  particles.  In  the  center 
of  the  figure  is  an  enlarged  portion  of  the  hologram.  Pairs  of  diffrac¬ 
tion  patterns  are  seen  thoughout  the  figure.  Each  pattern  of  the  pair 
indicates  the  location  of  a  single  particle  at  the  time  the  holograms 
were  made.  Photographs  of  some  of  the  particle  reconstructions  are 
also  shown  in  Fig.  13.  The  higher  velocity,  smaller  particles,  which 
are  rapidly  accelerated,  are  more  widely  spaced  than  the  larger  parti¬ 
cles.  Particle  rotation  is  also  observed.  Particles  on  the  left  side  are 
seen  to  have  lower  velocities  than  those  on  the  right  side.  Sizes 
range  from  10  to  200  ,pm  in  diameter  and  vary  widely  in  shape. 


3.2  MULTIPLE-PULSED  LASERS 

To  record  a  multiple- exposure  hologram  requires  short  exposure 
times  and  an  accurate,  controllable  separation  between  exposures.  For 
slowly  changing  fields  this  can  be  accomplished  with  a  continuous-wave 
laser  and  a  mechanical  shutter.  However,  application  to  the  high  velo¬ 
cities  in  dust  erosion  facilities  requires  extremely  short  light  pulse 
duration  times  and  small  pulse  separations.  These  conditions  can  be 
achieved  by  Q- switching  a  laser. 

Lasers  which  may  fulfill  the  necessary  requirements  include  YAG 
lasers  in  a  frequency- doubled  mode.  At  .this  time,  however,  only  ruby 
lasers  have  achieved  successful  results  at  AEDC. 

3.2.1  Q-Switching  Techniques 

Many  techniques  are  available  for  Q-switching  a  laser.  These  fall 
roughly  into  the  categories  of  mechanical,  chemical,  and  electro-optical. 
Mechanical  Q- switches  depend  upon  the  precision  alignment  required  of 
the  two  end  reflectors  of  a  ruby  laser.  A  reflector  is  mounted  on  a  vib¬ 
rator  or  rotating  drum  and  is  moved  into  alignment  at  the  proper  time 
during  the  laser  flash  lamp  sequence.  Short  light  pulse  widths  result 
from  the  rapid  motion  of  the  mirrors. 
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Another  type  of  electro-mechanical  Q- switch  places  an  end  reflec¬ 
tor  in  the  cavity  for  a  short  period  of  time.  Such  a  scheme  is  illustrated 
in  Fig.  14.  In  the  spoiled  mode,  the  prism  separation  is  large  enough 
so  that  total  internal  reflection  in  the  left  prism  occurs,  and  this  allows 
light  to  pass  along  the  dotted  line  out  of  the  cavity.  When  the  distance 
S  is  less  than  a  few  wavelengths,  the  internal  reflection  is  reduced,  and 
lasing  occurs.  The  time  required  to  displace  the  upper  prism  through 
a  few  wavelengths  can  be  made  very  small  by  driving  it  with  a  piezo¬ 
electric  crystal.  This  relatively  new  technique  offers  an  extremely 
promising  and  efficient  way  of  Q-switching.  It  has  been  used  in  other 
laboratories,  successfully  providing  Q- switched  pulses  as  close  as  1 
nsec  in  separation.  Because  of  its  high  efficiency,  the  energy  in  the 
pulses  can  be  easily  adjusted.  Although  mechanical  Q- switches  are 
not  employed  at  AEDC  at  this  time,  it  is  expected  that  they  will  be  tested 
in  future  work. 

A  number  of  chemicals  possess  absorption  characteristics  which 
allow  them  to  be  used  as  Q- switches.  The  chemical  (dye  in  solution) 
is  placed  in  a  transparent  container  within  the  cavity.  Because  it  is 
highly  absorbent  at  the  laser  wave  length,  it  initially  spoils  the  cavity 
efficiency  and  inhibits  lasing.  However,  when  the  intensity  of  the  light 
reaches  a  certain  level,  the  absorbing  molecules  are  depleted;  satura¬ 
tion,  or  bleaching,  occurs,  and  the  chemical  becomes  momentarily 
transparent  at  the  laser  wavelength.  Such  chemicals  include  crypto¬ 
cyanine  dye  in  alcohol  or  acetone  solution  and  chlorophyll- D  (Ref.  12) 
in  mineral  oil  soiu.ion.  These  Q- switches  are  somewhat  erratic  and 
troublesome  to  use  because  the  chemicals  are  neither  stable  nor  com¬ 
pletely  reproducible,  and  they  are  sensitive  to  both  temperature  and 
light.  A  number  of  techniques,  however,  have  been  developed  to  elimi¬ 
nate  some  of  the  disadvantages. 

Chemical  Q-switching  is  attractive  because  of  its  inherent  effici¬ 
ency,  simplicity,  and  high  coherence.  Either  of  the  chemical  Q- 
switches  can  be  used  for  multiple  pulsing  when  the  laser  flash  lamp 
energy  is  large  enough  and  the  solution  is  properly  mixed.  With  exten¬ 
sive  care,  one  can  produce  double  pulses  with  separations  ranging  from 
1  jusec  up  to  about  200  /usee.  However,  it  is  somew'hat  difficult  to  re¬ 
peat  or  to  predict  exactly  how  the  Q- switch  will  function.  Q- switches 
were  initially  used  at  AEDC,  but  because  of  their  sporadic  performance 
they  have  since  been  replaced  by  other  more  reliable  electro-optical 
devices. 
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Pockell's  cells  and  Kerr  cells  are  electro-optical  Q- switches. 

Their  operation  is  based  on  the'fact  that,  by  an  applied  voltage,  the 
light  polarization  can  be  changed  as  it  passes  through  these  crystals. 

The  cavity  efficiency,  or  Q,  is  made  highly  dependent  upon  polarization 
with  a  so-called  Brewster  stack,  which  passes  nearly  100  percent  of 
one  polarization  component  within  the  cavity  while  stopping  the  other. 
These  Q- switches  employ  more  optics  and  electronics  than  any  of  the 
other  types  and  are,  therefore,  more  expensive  and  optically  less  effi¬ 
cient.  However,  they  have  one  distinct  advantage  over  all  other  types; 
since  the  time  of  Q-  switching^isNel-eetronical-ly-  controlled,  the  laser 
light  pulse  can  be  initiated  .withi-ai/a  few  vnano  seconds* ;  Because  of  its 
poor  efficiency,  multiple  Q- switching  is  accompanied  by  a  sacrifice  of 
laser  power.  To  maintain  output  power  levels  near  maximum,  the  two 
light  pulses  are  required  to  have  a  separation  exceeding  approximately 
50  jusec.  Commercial-units  operating  at  faster  pulse  repetition  rates 
and  lower  laser  power  are  available  at  pulse  separations  down  to  about 
1  /usee,  but  at  low  power  levels. 

Finally,  a  relatively  new  technique  termed  ’’cavity  dumping"  is 
applicable,  especially,  to  contlnuo.UjSi-wave  (CW)  lasers-.*  Optical  energy 
built. up  in  the  cavity  of  a  CWlaser  which  has  high  reflecting  end  mir¬ 
rors  can  be  dumped  by  electro- optically  removing  an  end  reflector  from 
the.  laser..  This  provides  increased  laser  power  and  very  short  pulses. 
The  cavity  can  be  "dumped"  at  rates  up  to  about  100  MHz.  These  lasers 
provide  great  potential  for  highspeed  motion-picture  holography.  Fig¬ 
ure  14  illustrates  the^  cavity- dumping  technique. 

3.2.2.  'AEDC  Double-Barreled. Ruby  Laser. 

Based  upon  earlier  work  at  AEDC  and  following  suggestions  made 
by  engineers  of  the  Union  Carbide  Korad  Division,  a  double-barreled 
Pockell's  cell  Q-switched  laser  was  designed  and  constructed  at  AEDC. 
Figure  15  illustrates  the  general  layout  of  the  AEDC  double-barreled 
ruby  laser  and  the  block  diagram  of  the  controlling  electronics.  The 
cavity  is  divided  into  two'. sections  by  a  pair  of  apertures,  each  2mm 
in  diam.  The  two  sections,  or  barrels,  of  the  laser  form  two  inde¬ 
pendent  laser  cavities  with  the  one  ruby  rod.  Each  is  Q-switched  sep¬ 
arately,  with  a  time  delay  between  the  two.  The  two  laser  light  pulses 
are  separated  by  times  as  short  as  0.  4  Msec  and  up  to  1  msec.  Shorter 
delays  are  conceivable.  The  only  limitation  to  the  repeatability  of  the 
separation  is  jitter  in  the  firing  circuits  of  the  Pockell's  cells  electron¬ 
ics.  .  The  largest  separation  is  limited  by- the  duration  of  the  flash  lamp. 
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It  is  important  to  note  that,  since  two  independent  cavities  exist, 
the  frequency  of  the  two  light  pulses  is  slightly  different.  This  system 
could  not  be  used  without  special  adjustments  to  make  multiple  exposure 
holographic  interferograms,  since  the  waves  in  tne  two  laser  pulses  are 
not  coherent  with  each  other.  As  previously  stated,  this  is  unimportant 
for  the  multiple- exposure  holograms  under  consideration  here.  The  two 
output  beams  of  the  laser  are  parallel  and  are  separated  in  space.  They 
are  recombined  with  a  parallel  plate  beam  combiner  in  the  scheme  shown 
in  Fig.  16.  Fifty  percent  of  the  laser  light  is  lost.  Because  of  the  ex¬ 
tremely  accurate  recombination  of  the  two  beams,  the  optical  system  for 
the  holocamera  is  the  same  as  that  for  a  single-beam  laser,  even  down 
to  the  spatial  filter  and  beam- expanding  lens. 


SECTION  IV 

AUXILIARY  INSTRUMENTATION 


4.1  RECONSTRUCTION  SYSTEM 

The  dust  particle  volume  is  reconstructed  by  illuminating  the  holo¬ 
gram  with  laser  light.  A  typical  reconstruction  setup  is  shown  in  Fig. 
17.  Collimated  light  from  a  helium-neon  (He-Ne)  laser  illuminates  the 
hologram.  A  lens,  Lj,  magnifies  the  reconstructed  images  (real  or 
virtual),  which  are  then  focused  onto  the  face  of  a  closed-circuit  tele¬ 
vision  (TV)  camera  vidicon  tube  and  observed  on  the  monitor  screen.  A 
wire  grid  is  imaged  on  the  vidicon  tube  by  lens  Lj  for  calibration  pur¬ 
poses.  The  TV  camera  and  Lj  remain  fixed  after  the  desired  magni¬ 
fication  is  set.  The  reconstructed  volume  is  scanned  by  moving  the 
hologram  and,  consequently,  the  reconstructed  images  in  three  ortho¬ 
gonal  directions. 

Reconstructed  images  can  initially  be  scanned  under  low  magnifi¬ 
cation  to  provide  a  quick  examination  of  the  volume.  Portions  can  then 
be  enlarged  by  increasing  the  distance  from  L<i  to  the  camera  and  main¬ 
taining  focus  with  the  hologram.  Noise  from  irregularities  on  glass 
surfaces  in  the  reconstruction  system  usually  limits  useful  lens  magni¬ 
fication  to  about  six.  The  television  system  electronically  magnifies 
the  images  approximately  35  times,  giving  an  overall  maximum  magni¬ 
fication  of  21  OX. 

Measurements  are  commonly  made  at  the  monitor  screen,  either 
with  a  calibrated  scale  or  by  moving  the  image  across  a  fixed  line  with 
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a  calibrated  traverse.  For  velocity  data,  the  separation  between  the 
image  pairs  is  also  measured  this  way.  The  reconstruction  distance 
is  read  directly  from  scales  on  the  optical  bench. 

Although  a  closed -circuit  TV  system  greatly  facilitates  data  reduc¬ 
tion  from  holograms,  it  is,  of  course,  not  absolutely  necessary.  Direct 
recording  of  the  reconstructed  image  can  be  provided  by  photography. 
Moreover,  the  spatial  image  can  be  viewed  directly  with  a  microscope 
or  an  eyepiece,  although  the  latter  not  only  requires  extra  safety  pre¬ 
cautions,  but  is  extremely  tedious  in  data  reduction.  Direct  viewing 
is  further  complicated  by  the  shortcomings  of  t-he  eye  in  viewing  coher¬ 
ent  light  and  by  its  lack  of  sensitivity  to  red  light. 


4.2  COMPUTERIZED  HOLOGRAPHIC  DATA  ACQUISITION  SYSTEM 

A  single  in-line  hologram  of  a  particle  field  can  reconstruct  thou¬ 
sands  of  images.  Analysis  of  each  for  size,  velocity,  and  position  be¬ 
comes  a  tedious,  costly,  and  time- consuming  process. 

To  augment  data  acquisition,  a  computerized  image  analysis  in¬ 
strument  (trademark  ttMC)  (Ref.  13)  has  been  incorporated  into  the 
AEDC  reconstruction  system.  It  measures  the  area  or  length  of  light 
or  dark  objects  on  the  TV  monitor,  thus  reducing  measurement  time 
and  operator  fatigue.  This  instrument  in  the  reconstruction  system 
is  shown  pictorially  and  in  block  diagram  in  Fig.  18a. 

The  video  signals  of  the  images  focused  on  the  vidicon  are  analyzed 
by  the  measurement  system.  A  particle  image  is  "sensed"  according 
to  a  threshold  trigger  control,  and  the  images  are  tagged  and  outlined 
on  the  monitor.  This  allows  the  operator  to  observe  the  images  which 
are  being  electronically  analyzed.  Pressing  a  remote  switch  displays 
the  measurement  and  count  at  the  top  of  the  monitor  screen  and  initiates 
the  printout  on  paper  or  magnetic  tape.  The  system  is  capable  of  meas¬ 
uring  the  height,  width,  longest  dimension,  area,  and  the  total  number 
of  images  on  the  monitor. 

The  monitor  photograph  in  Fig.  18a  illustrates  the  display  for  an 
average  area  measurement  of  the  reconstructed  images.  The  outline 
of  the  measured  areas  is  intensified  on  the  monitor  and  tagged  at  the 
lower  left.  For  length  measurements,  only  the  right  of  the  image  is 
outlined. 
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Two  different  modes  of  operation  can  be  employed;  one  measure¬ 
ment  includes  all  the  images  on  the  monitor,  and  the  other  measures 
individual  images  selected  by  the  operator.  The  former  is  most  useful 
when  the  reconstruction  is  relatively  noise  free.  It  provides  the  follow¬ 
ing  measurement  capabilities;  (1)  average  image  width  and  area,  (2) 
total  number  of  images,  (3)  total  width  and  area  of  all  images,  and  (4) 
number  of  images  exceeding  a  selectable  width  or  area.  Number  (4) 
provides  a  size  distribution  capability.  Since  the  image  analyzer  trig¬ 
gers  on  a  selected  voltage  level  (or  image  intensity),  high  optical  inten¬ 
sities  of  out- of- focus  images  on  the  monitor  are  not  distinguished  from 
in-focus  images  and  are  analyzed  in  addition  to  in-focus  images.  The 
same  problem  applies  to  high  optical  noise  intensities.  This  often  re¬ 
quires  an  operator  to  decide  which  are  in  focus  and,  therefore,  leads 
to  the  second  mode  of  operation. 

In  this  mode  of  analysis,  only  those  images  which  are  designated 
by  a  light  pen  (used  by  the  operator)  are  analyzed.  Figure  18b  shows 
the  light  pen  and  plug-in  module,  and  Fig.  18c  illustrates  its  use  for 
individual  measurements.  With  the  pen  close  to  the  monitor  screen, 
a  c resent- shaped  "pointer"  is  generated.  When  the  bottom  of  the  cres- 
ent  touches  the  top  of  the  particle  image,  a  white  line  surrounds  the 
image  to  show  it  is  being  sensed.  Pushing  the  tip  of  the  pen  against 
the  screen  activates  a  microswitch,  causing  the  measurement  to  be 
displayed. 

In  the  light-pen  mode,  the  operator  distinguishes  between  in-focus 
images  and  noise  on  the  TV  monitor.  Although  not  a  present  capability, 
the  in-focus  condition  could  be  determined  automatically  by  electron¬ 
ically  monitoring  the  image  slope  and  initiating  the  measurement  when 
it  reaches  a  maximum  along  a  z- dimension  scan  (Ref.  14). 

4.3  LIGHT  PULSE  COUNTER  AND  TIME  SEPARATION  ELECTRONICS 

An  important  parameter  in  the  velocity  calculation  is  the  separ¬ 
ation  between  the  two  light  pulses.  Jitter  in  the  Pockell's  cell  and  time- 
delay  electronics  and  changes  in  the  parameters  in  the  timing  circuit 
caused  by  temperature  effects  can  change  the  separation  of  the  laser 
firings.  Consequently,  an  instrument  which  can  detect  and  display  the 
interval  between  the  two  pulses  is  necessary.  The  system  developed  at 
AEDC  to  accomplish  this  is  shown  in  Figs.  19  (schematic)  and  20. 
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Light  is  detected  by  a  photo- diode,  and  the  signal  is  amplified  and 
shaped.  At  point  A,  the  pulses  are  counted  and  their  number  displayed. 
A- count  of  three  signifies  that  three  or  more  pulses  were  detected.  This 
feature  of  the  device  is  particularly  necessary  if  a  dye  cell  is  used.  The 
dye  can  become  saturated  two  or  more  times  during  the  flash  lamp  cycle 
when  enough  energy  is  expended  into  the  ruby  rod  (see  Section  3.  2), 
causing  multiple  laser  pulses. 

The  two  pulses  from  the  wave- shaping  circuit  also  open  and  close 
a  gate  through  which  passes-  a?,  train  of  pulses  from  a  stable,  high-fre¬ 
quency  (100-MHz)  local  oscillator'..  The-. pulse- train:. is  counted  and  dis¬ 
played  by  light- emitting  diode  arrays  as  the  time  interval  of  the  light 
pulses.  Once  the  gate  has  opened  and  closed,  it  is  inhibited  until  a 
manual  reset  button  is  depressed.  This  also  sets  the  readouts  to  zero 
for  the  next  measurement. 

The  accuracy  of  this  device  depends  on  the  clock  frequency,  the 
slopes  of  the  signals  that  trigger  the  wave- shaping  circuit,  and  the 
opening  and  closing  of  the  gate,  relative  to  the  phase  of  the  clock  pulse. 

In  the  latter  case,  this  Ls-i-E.  clock’ pulse,-. corresponding  to  an  inaccu¬ 
racy  of  ±10  nsec. 


SECTION  V 

IN-LINE  HOLOCAMERA  SYSTEMS 


5.1  BASIC  SYSTEM 

Figure  21  illustrates  the  holocamera  system  which  has  been  used 
extensively  at  AEDC.  Individual  components  of  the  system  are  labeled. 
A  few  of  the  more  important  elements  of  the  system  will  be  discussed 
in  detail.  The  CW  He-Ne  laser  is  used  for  alignment  of  the  optics. 
Through  an  autocollimating  procedure,  the  path  of  this  beam  is  made 
coincident  with  the  ruby-las.er  beam.  Autocollimation  is  accomplished 
by  centering  the  He-Ne  light  reflected  from  the  front  ruby  laser  mirror 
back  into  the  He-Ne  laser. 

An  important  feature  of  the  camera  system  is  the  beam  expander- 
spatial  filter.  At  present,  this  system  employs  a  20X  microscope  ob¬ 
jective  which  focuses  light  through  a  pinhole.  A  neutral  density  filter 
reduces  the  light  level  to  a  value  that-  is  safe  for  the  optics.  Both  the 
front  element  of  the  microscope  objective  and  the  pinhole  are  easily 
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destroyed  by  the  high- intensity  light.  To  remedy  this  somewhat,  the 
front  element  of  the  microscope  objective  has  been  replaced  with  an 
uncoated,  simple  lens,  since  the  weakest  portion  of  the  lens  is  the  opti¬ 
cal  coating  and  cement. 

The  spatial-filtering  pinhole  must  also  be  carefully  selected  to 
avoid  destruction.  If  this  pinhole  is  originally  chosen  to  be  of  a  diam¬ 
eter  which  is  usually  employed  with  CW  lasers  (on  the  order  of  10  to 
20  p m),  the  laser  pulse  will  enlarge  this  hold  to  an  unacceptable  diam¬ 
eter,  and  such  a  pinhole  would  be  useful  for  only  a  single  shot.  Further¬ 
more,  alignment  would  be  extremely  difficult.  It  has  been  found  that  if 
the  pinhole  is  of  a  larger  diameter  (100  pm),  it  will  not  be  destroyed  by 
the  laser  pulse  and,  moreover,  alignment  will  be  considerably  simpli¬ 
fied.  Complete  spatial  filtering  is  not  attained,  nor  is  it  necessary  in 
most  cases.  Figure  22  illustrates  the  effectiveness  of  various  diameter 
spatial  filters  for  a  20X  microscope  objective.  A  30-pm  diam  pinhole 
is  an  excellent  filter.  Even  one  of  100-pm-diam  offers  a  considerable 
improvement  over  the  unfiltered  condition,  which  contains  not  only  a 
considerable  amount  of  coherent  noise,  but  also  multiple  reflections 
between  various  lens  components.  A  dirty  lens  system  was  purposely 
chosen,  and  to  augment  the  illustration,  a  10-pm  wire  was  stretched 
behind  the  lens. 

The  remaining  portions  of  the  holocamera  correspond  to  the  design 
discussed  in  Section  2.  3. 

This  configuration  has  been  used  in  many  tests  at  AEDC  and  is 
basically  the  same  one  that  was  employed  at  the  Northrup  and  Boeing 
dust  erosion  facilities  mentioned  earlier.  In  those  installations,  how¬ 
ever,  the  Q- switch  was  a  dye  cell. 


5.2  AEDC  DUST  EROSION  FACILITY  HOLOCAMERA 

A  permanent  holocamera  is  installed  in  the  AEDC  PWT  Dust  Eros¬ 
ion  Facility.  This  system,  as  it  is  mounted  near  the  test  chamber,  is 
illustrated  in  Fig.  23.  It  was  designed  so  that  it  could  be  operated  in 
either  the  in-line  or  off-axis  mode.  At  the  present  time,  the  in-line 
mode  of  operation  has  provided  the  necessary  data. 

Systems  prior  to  this  one  were  operated  by  manually  charging  and 
firing  the  laser  and  exchanging  the  film.  These  procedures  are  now 
automated  and  integrated  into  the  test  sequence.  A  signal  from  the 
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control  room  initiates  the  holography  data  cycle  which  charges  the 
laser,  opens  shutters,  fires  the  laser,  advances  the  film,  and  restarts 
the  cycle.  This  allows  a  maximum  number  of  holograms  to  be  made 
during  the  test.  The  cycle  may  also  be  stopped  or  held  (after  the  laser 
is  charged)  from  the  control  room.  The  holograms  are  recorded  on 
70- mm  film  instead  of  on  glass  plates. 

Because  of  the  erosive  nature  of  the  testing,  windows  rapidly  be¬ 
come  severely  degraded.  Windows  used  in  laser  systems  must  be  of 
high  homogeneity  and  nearly  bubble-  and  scratch-free.  During  long 
test  runs  or  after  a  number  of  short  runs,  t'he  windows  become  badly 
pitted.  In  fact,  with  certain  types  of  models  which  reflect  dust  directly 
toward  the  windows,  the  window  quality  is  deteriorated  beyond  use  dur¬ 
ing  a  single  run.  Regrinding  of  the  windows  is  a  time-consuming  and 
expensive  process;  therefore,  a  window  protection  system  was  required. 
The  system  shown  in  Fig.  24  was  devised  so  that  only  a  small  portion  of 
each  window  surface  is  exposed.  Unexposed  portions  can  be  easily  ro¬ 
tated  into  position.  Quick-opening  electric  shutters  shield  the  exposed 
window  area  from  impinging  dust  except  during  .the  hologram  recording. 


SECTION  VI 

TYPICAL  EXPERIMENTAL  RESULTS 


The  holocamera  systems  described  have  produced  a  vast  amount 
of  data.  In  this  section,  typical  holograms  are  illustrated  to  show  the 
types  of  data  which  have  been  acquired. 


6.1  DATA  TAKEN  AT  THE  BOEING  AND  NORTHROP  FACILITIES 

Holograms  taken  during  the  Boeing  and  Northrop  tests  are  shown 
in  Fig.  25.  A  volume  approximately  10  cm  in  diam  by  30  cm  in  length 
(with  the  major  length  normal  to  the  wind  tunnel  centerline)  was  recon¬ 
structed  and  analyzed  for  particle  size  and  number  density  in  both  tests. 
This  volume  was  immediately  in  front  of  a  particle  catcher  (seen  at  the 
left  of  the  figure)  which  was  being  used  for  calibration.  In  fact,  the 
purposes  of  the  holography  studies  were  to  provide  an  alternate  cali¬ 
bration  measurement  of  dust  density  and  observe  the  spatial  distribu¬ 
tion  of  dust  within  the  test  cell.  A  particularly  interesting  observation 
can  be  made  of  particles  rebounding  from  the  catcher,  passing  through 
the  bow  shock,  and  entering  into  the  free  stream  (Fig.  25).  These 
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rebounding  particles  were  observed  to  significantly  alter  the  shock 
front.  Upon  entering  the  free  stream,  each  was  characterized  by  an 
unusually  strong  shock.  In  addition  to  particle  reconstructions,  the 
shock  waves  were  also  reconstructed  as  sharp  lines.  The  unusual 
strength  of  the  shock  associated  with  these  particles  was  connected  to 
their  penetration  of  the  strong  bow  shock.  Other  effects  which  were 
observed  on  the  hologram  print,  as  well  as  in  the  reconstruction,  in¬ 
cluded  instabilities  in  the  aerodynamic  flow,  turbulence  generated  by 
rebounding  particles,  and  instabilities  of  the  catcher.  In  some  instan¬ 
ces,  severe  distortions  of  the  bow  shock  could  not  be  associated  with 
any  particular  particle.  These  distortions  were  considered  to  be  caus¬ 
ed  by  pressure  pulses  expulsed  by  the  catcher. 

During  each  of  33  runs,  two  holographic  recordings  were  made. 
Data  were  taken  from  a  total  of  60  holograms.  Part  of  the  test  was 
concerned  with  comparing  particle  density  at  two  separate  times  dur¬ 
ing  the  tunnel  operation.  The  holographic  recording,  as  opposed  to 
other  instrumentation  techniques,  is  practically  instantaneous,  and, 
therefore,  provides  particle  information  for  one  instant  in  time  (during 
the  pulse  width  of  the  laser).  The  two  recordings  made  during  each 
test  indicated  that  in  some  instances,  large  variations  existed  in  the 
test  cell  during  the  two  hologram  exposures.  However,  in  other  instan¬ 
ces,  the  particle  number  densities  at  the  two  separate  times  were  rea¬ 
sonably  close.  It  was  established  that  average  measurements  for  one 
set  of  tunnel  conditions  would  require  more  than  two  holograms.  An 
unexpected  number  of  smaller  particles  was  observed  in  the  recon¬ 
structions.  The  holocamera  resolution  was  determined  to  be  at  least 
20  fim  or  better. 


6.2  AEDC  TEST  DATA 

Figure  26  is  a  double- exposure  holographic  recording  made  in  the 
PWT  Dust  Erosion  Facility  during  standard  model  testing.  Double  dif¬ 
fraction  patterns  can  be  seen  throughout  the  recording.  The  separation 
between  the  two  exposures  for  this  case  was  0.  45  nsec.  Figure  27  il¬ 
lustrates  the  image  pairs  reconstructed  within  a  small  region  of  the 
hologram  of  Fig.  26.  Typically,  from  200  to  300  image  pairs  are  re¬ 
constructed  in  a  volume  approximately  8  cm  in  diameter  and  30  cm  in 
depth.  Figure  28  illustrates  the  correlation  between  size  and  velocity 
from  measurements  of  the  reconstructed  images.  The  mean  velocity 
is  symmetrical  about  the  test  section  centerline  and  decreases  with  in¬ 
creased  particle  size. 
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These  data  correlate  well  with  data  taken  with  laser  Doppler  velo¬ 
city  measurements  and  fiber-optic  particle  size  measurements. 


SECTION  VII 

FUTURE  PLANS  AND  REQUIREMENTS 


7.1  FAST  RECORDING  RATES  (CINEHOLOGRAPHY) 

The  laser  system  discussed  in  Section  3.  2.  2  allowed  two  hologram 
exposures  to  be  made  with  time  separations  ranging  from  approximately 
0.5  to  1000  psec.  This  separation  is  quite  satisfactory;  however,  in 
many  dynamic  situations  a  sequence  of  such  recordings  is  needed  with 
time  spacing  ranging  upward  from  1  msec  to  give  a  time  history  of  the 
event.  Many  additional  exposures  could  be  made  during  the  laser  flash- 
lamp  firing  (Section  III),  or  the  flashlamp  could  be  recharged.  Repeti¬ 
tion  rate  is  presently  limited  by  the  charging  time  of  the  power  supply, 
which  varies  from  5  to  15  sec,  depending  upon  the  time  constant  of  the 
charging  circuit.  Certain  commercially  available  power  supplies  re¬ 
duce  this  time  to  less  than  1  sec. 

The  ultimate  flashlamp  recycling  rate  achievable  is  limited,  not  by 
the  power  supply  or  flashlamp,  but  by  the  requirement  to  maintain  the 
ruby  rod  at  an  acceptable  temperature.  This  introduces  new  factors 
into  the  design  of  systems  with  increased  recording  rate.  The  rod  must 
be  small  (large  surface- to- volume  ratio),  well  cooled,  and  operated  at 
low  power.  Continuous-wave  operation  is  now  possible,  but  only  at 
power  levels  considerably  below  most  recording  requirements.  Even 
when  this  condition  is  met,  the  laser  coherence  is  reduced  significantly 
by  temperature  gradients  in  the  crystal. 

To  compensate  for  these  effects,  compromises  can  be  made  in  film 
resolution,  hologram  size,  and  signal-to-noise  ratio  in  the  reconstructed 
image.  The  optimum  compromises  should  be  examined  for  practical 
applications.  The  method  of  cavity  dumping  described  previously  should 
be  examined  to  determine  its  capability  for  increasing  hologram  record¬ 
ing  rates. 

Two  types  of  recording  procedures  are  envisioned,  (1)  multiple 
recording  on  a  single  frame  and  (2)  multiple-frame  recording.  The 
applicability  of  these  methods  to  testing  should  be  studied. 
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7.2  AUTOMATED  DATA  REDUCTION 

Particle  data  are  reduced  from  the  hologram  in  several  ways. 

The  images  on  a  TV  monitor  can  be  measured  with  a  calibrated  scale, 
or  the  hologram  can  be  mounted  on  a  micrometer  traverse  and  the  image 
moved  across  a  fixed  point  on  the  monitor  screen.  The  reconstruction 
distance  is  usually  read  from  the  optical  bench.  Coordinates  in  the 
plane  of  the  hologram  can  also  be  taken  from  calibrated  scales  with  in¬ 
dicators  mounted  on  the  hologram  traverse.  Up  to  now,  all  of  these 
data  have  been  recorded  by  hand,  a  process  resulting  in  much  needless 
data  handling. 

A  motorized  traverse  system  with  a  digital  position  readout  in  con¬ 
junction  with  the  automatic  image  analyzer  (discussed  in  Section  4.  2) 
would  greatly  reduce  the  data  reduction  time.  A  system  currently  being 
designed  is  illustrated  in  block  diagram  in  Fig.  29,  and  the  control  con¬ 
sole  and  associated  optics  are  sketched  in  Fig.  30.  The  operator  con¬ 
trols  the  hologram  position  with  joy  sticks.  Pulses  from  optical  shaft 
encoders  are  counted  for  a  readout  of  the  x-y  traverse  position.  Motion 
along  the  optical  axis  (z- dimension)  produces  a  corresponding  voltage 
change  which  is  displayed  on  a  digital  voltmeter.  Digital-to-analog  con¬ 
verters  move  a  pointer  on  an  x-y  recorder  to  indicate  the  location  on  a 
hologram  print  that  is  being  observed  on  the  TV  monitor.  The  print 
aids  the  operator  in  locating  gross  areas  of  interest  on  the  hologram 
for  detailed  analysis.  Once  an  image  has  been  measured,  the  position 
and  size  data  are  transferred  to  paper  and/or  magnetic  tape  for  storage 
and  computer  analysis. 

For  data  where  the  x-y  spatial  coordinates  of  the  particles  are  un¬ 
necessary,  the  width,  height,  and  separation  (for  velocity  data)  of  the 
images  may  be  measured  by  resetting  the  x-y  readouts  to  zero  at  the 
edge  of  the  image  and  making  the  appropriate  traverse. 

In  applications  where  low  number  densities  occur  or  where  the  re¬ 
constructed  volume  is  scanned  first  before  data  are  taken,  the  readout 
system  can  be  set  on  automatic  scan.  In  this  mode  of  operation,  x  and 
y  will  be  incremented  a  fixed  amount  after  each  continuous  scan  through 
z.  The  operator  can  then  stop  the  scan  whenever  he  observes  an  image 
which  he  wishes  to  measure.  In  all  cases,  the  limits  of  traverse  are 
preset  according  to  the  reconstructed  volume  limits.  The  automatic 
scan  mode  can  also  conceivably  be  part  of  an  entirely  automatic  holo¬ 
gram  data- reduct  ion  system  in  which  a  computer  detects  the  in-focus 
image  condition  and  initiates  its  measurement  and  the  data  recording. 
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SECTION  VIII 
CONCLUSIONS 


The  design  and  application  of  holographic  systems  in  dust  erosion 
facilities  and  other  related  facilities  have  been  discussed,  and  the  follow- 
lowing  conclusions  have  been  reached: 

1.  In-line  holography  provides  an  extremely  valu¬ 
able  and  versatile  technique  for  measuring  dust 
particle  size,  number  density,  velocity,  and 
distribution  and  the  distributions  of  these  para¬ 
meters  in  space  and  time. 

2.  Such  systems  are  rugged  enough  for  test  cell 
operation. 

3.  A  modified  conventional  ruby  laser  in  the  holo¬ 
graphy  system  provides  velocity  data  ranging 
up  to  at  least  3000  ml  sec. 

4.  The  ho-locamera  -system  resolves  particles  as 
small  as  10  n m. 
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APPENDIX 

ILLUSTRATIONS 
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Fig.  1  In-Line  Hologram  of  a  Particle  Field 
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Fig.  3  In-Line  and  Off-Axis  Hologram  of  a  Point  Object 


Fig.  4  Forming  the  Image  with  the  Hologram  of  Fig.  3 
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Fig.  6  Equivalent  Hologram  Position  in  Image  Holography 
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a.  Producing  the  Hologram 
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b.  Reconstruction  and  Aberration  Removal 
Fig.  8  Image  Holography  with  Aberration  Cancellation 
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Primed  letters  indicate  image  planes  of  corresponding  letters. 


Fig.  9  Conjugate  Image  Overlap  Recording  Condition 
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Fig.  11  Geometry  of  the  Particle  Number  Density  Derivation  for  Hologram  Recordings 
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Fig.  12  Number  Density  versus  Diameter  for  Marginal  and  No-Hologram  Recordings 
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Fig.  14  Frustrated  Internal  Reflection  Q-Switching 
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Fig.  15  Double-Barrelled,  Double-Pulsing  Laser  Schematic 
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Fig.  i6  Beam-Combining  Optics 
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Fig.  17  Reconstruction  Apparatus  with  Closed-Circuit  TV 
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a.  Reconstruction  Setup  with  the  Computerized  Image  Analyzer 
Fig.  18  Computerized  Image  Analyzer 
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b.  Light  Pen  and  Individual 
Measurement  Module 


c.  Light  Pen  in  Use 
on  CCTV  Monitor 
Fig.  18  Concluded 
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Fig.  19  Laser  Light  Pulse  Interval  Counter 
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Fig.  20  Pulse  Counter  and  Time  Interval  Counter 
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Fig.  21  In-Line  Image  Holocamera 


AEDC-TR  73  160 


AEDC-TR-73 -160 


for  Illustrative  Purposes 


Figures 

Shown 

Below 


a.  d  =  30  /am 


b.  d  =  100  pm 


c.  d  -  200  Mm  d.  Without  Pinhole  (d  =  °°) 

Fig.  22  Spatial  Filtered  Beams  with  Various  Pinhole  Sizes 
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Fig.  24  Window  Protection  System 


AEDC-TR-73  160 


Model  Face 


fS$i 


Reconstructed  Image 


r- 

50 

?co 

nstructed  Image 

Model  Fac 


Fig.  25  Concluded 
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Fig.  26  Sample  Hologram  of  Model  in  PWT  Dust  Erosion  Facility 
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z  =  32. 0  cm 
v  =  1210  msec 
180  X  120  pm 


z  *  15. 5  cm 
v  *  1620  msec 
D  3  50  pm 
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90  X  120  Mm 


z  =  27. 5  cm 
v  3  1340  msec 
80  X  150  Mm 


Note  -  Reconstructed  Images  Photographed 
from  TV  Monitor 
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Fig.  27  Double- Exposure  Hologram  of  a  High-Speed  Dust  Field  and  Some  Reconstructions 
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Fig.  29  Automated  Hologram  Analyzing  System 
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Fig.  30  Conceptual  Drawing  of  Proposed  Hologram  Analyzer 
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